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ABSTRACT

~ This Final Report summarizes the scientific and technical publications and lists the oral
presentations describing the research carried out under this contract.
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Intelligent Instructional Systems for Teaching Procedural Skills

PUBLICATIONS

. Feurzeig, W., and Ritter; F. (1987) "Understanding Reflective Problem Solving". In intelligent
Tutoring Systems: Lessons Leamed; ed. Psotka, J. Massey, D.. Muter. S. Lawrence Erlbaum
Associates, Hillsdale, N. -

Abstract

ICAI systems typically acquire knowledge about a student’s misconiceptions aiid procedural bugs by

making inferenices based on the student's problem-solving actions. Ths, i work on electronic circuit
troubleshooting problems. the student’s knowledge and difficulties are inferred from observations of the
tests and measurements he makes along the way. In this paper we propose the alternate strategy of

acquiring information directly from the student. This strategy has been implemented as an instructional
monitor within the QUEST system for training electrical system trovtleshooting: Every time the student
calls on the QUEST simulator to carry out a test or make a circuit measurement, the monitor asks the

student the reason for his action. After the simulator performs the requested action, the monitor asks the

student what he learned from the test or measurement. Studeit responses are made by selecting items in
response windows and pointing at circuit components or subcircuits: The approach can yield extensive
information about the student's expectations, theories, afid plars as a foundation for making infererices
about his misconceptions and bugs. This strategy is therefore proposed as a valuable complement 1o pure
inferencing methods. The detailed operation of the moniior is described and the transcript of a QUEST
troubleshooting interaction under this mode of operation is shown.

_ Frederiksen, JR. & White, B.Y. (1987) "Intelligent Tutors as Intelligent Testers". In Diagnostic
Monitoring of Skill and Knowledge Acquisition. Frederiksen; N., Glaser, R.. Lesgold, A., & Shafto,

M. (Editors), Lawrence Erlbaum Associates; Hillsdale, New Jersey.
Abstract

. This paper exolores the use of intelligent tutoring systems in the assessment of studeiits" kniowledge
bases, problem solving processes, and learning strategies: We describe a form of toring system that is

based upon a progression of cognitive models that reason and solve problems within a domain. Such

model progressions can provide runnable simulations o students’ mental models, which caii bé ised io
determine not only what problems a student is capable of solving at a given point in training. biit also
what additional concepts and skills a student must acquire in order to solve problems that he or she
currently cannot solve. Sinice tutoring systems of this class can support different learning strategies, it
also becomes possible to determine the student's preferred mode of learning, or to assess his or her rate of
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leammg when a partxcular leamtng strategy is 1mp0sed on the student Ustng stich mieasures denverr

within the tutoring environment: it should be possible to predlCl leammg outcomes not only within ths
tutoring system, but also in other learning environments and on the job.

o Whtte B.Y. & Frederiksen, JR (1987) ,"Qua ltattve Models and Intelligent l:earmro
Envxronments" In Al and Education. Lawler, R. & Yazdani; M. (Edttors) Ablex Publishing
Corporation, Norwood, New Jersey.

Abstract

- One promtsmg educattonal application of computers denves from thetr abtltty to dynamtcally
sxmulate physxcal phenomena. Such mtcroworlds perrml students to explore; for instance: electrical
circuit behavior or particle dynamxc; In the past; these simulztions have been based upon quantxtatwe

models. However, recent work in artificial tntelltgence has created techniques for basing such
microworlds on qualttattve reasontng Quahtatrve models not only simulate the phenomena of the
domain, but also can generate explanauons for the behavtor under study: Sequences of such models, that

attempt to capture a progression from novice to expert reasoning, permit microworlds to incorporate
features of intelligent tutonng systems. The Ieamtng environment can embody the model progression by
making available to students (n microworlds of increasing complexity, (2) problems classified by the

level of model requtred for their ¢ correct solutton and (3) explanations focused on the differences between

models and thetr predecessors Students can then utxltze these microworlds, problem sets, and

Feiitiéig W, (1986) Bevelomng an Exponable lCAI Technology In the Proceiedtinig of the
Workshop on lntroducmg Intelligent Computer Assisted Instruction into Military Tramtng. U.C.LA.,Los
Angeles; CA., U:S. Army Research Institut. Technical Report Ailington. VA.

Abstmct

) 'I'he mstrucuonal capabthues of cmrent IGAI systems and the mherent dlfflCl.lllleS in maktng
mtelltgent inferences about a student s knowledge and underlying misconceptions, as illustrated by the
student modelmg work in systems such as WEST and DEBUGGY, are summarized. The teachmg of
qualttatlve thmkmg and the use of qualitative simulation models for producmg understandable
explanatious, in systems such as Steamer and QUEST, which support student explorahon of system
behavior and student practice in system operation and troubleshootmg. is described. The paper calls for
the development of versatile training systems that mtegrate facilities for stident-direcied exploratton and
practice with tutorial ICAI programs. These systems would be desrgned to support several modes of

37



BBN Report No. 6460 BBN Laboratories incorporated

performance crmcs for gtvmg students very Sp"ClﬁC dragnosuc feedback followmg pracuce and
intelligent microworlds for guiding student exploration and inquiry.

B Rriter F (1986) "OREO Addmg Onematton to a Dynamtc Qualttauve Sxmulatton" BBN
Techmcal Report, October. Submitted to Third International Conference on Artificial Lntelligence and
Education, University of Plttsburgh.

Abstract

ln order to sxmulate electncal circuits accurately using a qualttauve model, it is necessary to give

parts an onentatron wrth respect to the voltage source m the ctrcuu Mtstakes made by begmnmg students

the crrcurt Expenenced engmeers orient circuits successfully though t.hey usually do fiot mdtcate
onentauons in an exphcrt Way on their circuit dtagrams This paper presents an algonthm for onentmg
circuits that is based on the way engineers orient circuits. The algonthm can explam its operatton It can
recogaize shorts, bridge elements, and other paths useful for a quant.tauve simulation. The algonthm
allows qualitative systems to be dynamically altered and is upwardly compattble with quantitative
simulations.

Whtte B Y. & Fredertksen J R (1986) "lmelhgent Tutonng Systems Based Upon Quahtatrve
Model Evolitions”. In ihe Proceedmg_ of the Fifth National Conference on Artificial Intelligence;
Phtladelphta Pennsylvama

7 Thrs paper is mcorporated wrthm the book chapter referenced above. It provides an overview of the
ratxonaie underlying the design of intelligent tutoring sysiems based upon model evolutions. It also goes
into some depth to describe the qualitative causal models that we created for instructional purposes.

i thte B Y & Fredertksen J. R (1986) "Progressrons of Quahtattve Models as a Foundauon for
Intelligent Learning Environments”. Report No. 6277, BBN Laboratories, Cambndge. Massachiisetts.

Abstract

The desrgn of our mtelhgent learnmg envtronment is based upon a theory of experthe and its
acqmsmon We find that when reasoning about physical systems, experts utilize a set of mental models.

¢

8
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For mstance they may use qnalrtauve as well as quanutauve models, and behavroral as well as funeuonal
models The transition from novice to expert status can be regarded as a process of model evolution:

students fonnulate a series of upwardly compatible models, eich of which is adequate for solving some

subset of ‘problems within the domain. Further, students need to evolve fiot just a single model ‘but rather
a set of models that embody alternative conceptuahzanons of the domain. Ftnally we claim that in the

tmtlal stages of learmng students should focus on the acqursmon of quahtattve models quantitative

sequence of models that embody a possible transformation from n novice to expert status is outlmed

The learmng envn'onment We have constructed lets students solve problems hear explanauons and
perfonn expenments all in the context of mteracung wrth a dynamnc stmulauon of circuit behavror

arclutecture wnth elegant propemes Wnthm our system, the student model the tutor. and the domam

srmulauon are mcorporated wnthm the srngle model that is active at any poxnt in learnmg Tlus model 1s
behainor and fumnshes a destred model of the students reasontng at that pamcular stage in learnmg The
progression of models also enables the system to select _problems and generate explanations that are
appropriate for the student at any point in the instructional sequence: In order to motivate students to
transform their models into iew models; they are given problems that the new mode! can handle but their
present model canniot. This evolution ‘of models also enables the system 1 focus its explanations on the
difference between the present model and the new model:

i chre also penmts a vanety of pedagog:cal strategres to be explored wulun a

Such a system arc

siiigle instructional system ‘Since the system can turn a problem into an exarnple by solving it l’or the
student; the students’ learnmg can be motivated by problems or by exammes That is; stuclents can be
presented WIth problems and only see examples if they run mto dtfﬁeulty altemattvely they can see

students can use a circiut editor to construct thetr own problems and thus explore the domam in a more
open ended faslnon. The system 1s capable of generatmg runnable quahtattve models for any cxrcrnt that

the system or by the student For example students can be ngen a map of the problem space and can

decide for themselves what class of problemis to pursue next or even what pedagogical strategy they want
to employ.
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Feurzexg. W (1985) "AI Alds for Besxgn and Automanon of CAI Programs Ini the Proceedmg
of the Workshop on Knowledge Acquisition for Computer Assisted instruciion, Camegne Mellon
Umversny U.S. Army Research Institute; Arlington, VA.

Abstract

The problem of prepanng hlgh quahty compuler assxsted mstrucuon in areas reqamng knowledge
intensive skills is dxscussed An Al-based approach to aid instructional designers in automating the
generauon of such instriction is _presented: Specific tools and facilities for implementation of several
modes of instriction, and for testing and edmng of the prototype instructional materials, are descnbed
These methods are desxgned to be specifically applicable to instruction in the operanon and maintenarice
of complex engmeered devices; in tasks such as electronic troubleshooting and hydraulle power plant
operation.

_ Feurzeng W: (1985) "Cogane Scxence Amﬁcxal Intelhgence and Complex Training". In the
Proceedmg s of the NATO Symposium on Compuier-Based Instruction in Military Envnronments.
Brussels; Belgium, ed: R. Seidel & P. Weddle, Pleniim Press approx. March,1987.

Abslract

An effecuve program of instruction dxrected toward the acquxsmon of complex cogmuve slcxlls
needs to balance prescriptive tutorial modes with instructional activities that support explorauon and
practice. This presentation argued that current research on mtelhgent instructional systems has a strong
preSCrlpthe bxas a one-sxded focus emphasxzmg the development of dxrecnve tutonal methods and often

rev:ewed The dxfﬁculues in dxagnosxng students’ mxsconcepuons conceptual gaps and procedural bugs
were descnbed ‘The fundamental instructioarl problem of how the knowledge of a student’s
nitsconcepuons and bugs can be efectively used to aid the student overcome them and learn the skill
being taught, was discussed.

o Fredenl’sen J.R & thte B Y. (1985) "A System for Teachmg a Qualuame Understandmg of
Elecmcal Circuit Behavior and Troubleshootmg In the Proceedings of the Second International
Conference on Antificial Intelligence and Education; Exeter. United Kingdom.

10
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Abstract

reasonmg about electrtcal crrcurts in general and troubleshoottng of automotive electrtcal systems in
particular. The system is desrgned to provide a simulation environment in which students can solve
circuit problems: It also serves a tutorial function and can be called upon to solve problems and
demonstrate to students the reasoniﬁg involved. The instructional objective is for students to acquire,

through thetr exposure to a sequence of carefully selected circuit problems, a sequence of tncreasmgly
sophisticated models of circuit behavior.

o To tlus end we have formulated a series of cogmttve models that correspond to dtfferent levels of
understandmg of electrical circuit concepts. Each model is. _upwardly compatible with higher level
models, but is restricted in the set of circuit problems for which it is adequate. While these mental models
vary in the complexity of the circuits about which they can reason, they all renresent “runnable”
qualitative simulations and enable the student ¢or the system) to predict the behavior of circuits of a given
level of complexity.

Ctrcutt problems gtven to students mclude ( l) maktng predtcthnS about circuit behavror and (2)
troubleshootmg or isolating faults within circrits. Corresponding to each of these two types of problems
are two tutonng systems ( 1) a qualttatwe causal srmulauon of electrtcal circuits that tllustrates prmcrples

faults within circuits and that mcorporates the same type of reasoning as that mvolved i predtcttng circuit
behavior.

o These tutonng systems are based upon a qualttattve approach to troubleshooung taken by an expert
mechantc whom we have studied. His methods are based upon the fundamental idea of a circuit: For a
device to operate, there must be an electrical potenttal across the device. When such an electncal
potential exists, a current will flow t.hrough the device (provrded it is conducttve) causing it in some
cases to change its state. Knowledge of the device, in the form of a device model, allows one to infer
what state the device will enter and under what conditions.

When troubleshootmg the expert s goal is to choose a test pomt that divides the circuit into two
parts and then to infer which portion of the circuit, that in parallel or that in series with a test light, is

faulty When the fault has been isolated to within a portion of the circuit, the expert then moves (0 a new
test pomt wnthtn the faulty part of the circuit and recursively applies the troubleshootmg logtc The
approach of our expert has the advantage of being generally apphcable to a large class of senes-parallel

circuits. Hdwaé’r it presupposes a knowledge of electrical circuits and requires an abrhty tn reason
qualttanvely about circuits:

Grven the need to teach electncal principles and thetr unpltcauons as a prerequtstte to teachmg

troubleshootmg, we created an instructional environment that is capable of demonstratmg and providing
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pra ttce in applytng cnrcmt pnncxples The basns of thlS system is a progresston of 1nc1eastr*7|v
sophisticated, qualitative causal models that utilize knowledge of the stricture of the circuit, the
functioning of the devices within the circuit, and basic electrical pnnc;ples to sxmulate circuit behavxor
These snnulatxons needed to be robust in penmttmg faults to be mtroduced or cucuxts to be modtﬁed

models for devxces along witi topologxcal search processes for evaluaung electrical potennal across
devices, we were able to construct circuit models that accurately simulate the behavior of a large class of
circuits in both faulted and unfaulted states.

that the system has mtroduced and to locate u;tlmown faults At any nme the student can call upon a
model of circuit behavior to explain the functioning of the cxrcmt or upon a troubleshootmg model to
describe how it would isolate a particular fault in the circuit: Each tutonal program utilizes a model that

artlculates reasomng ata level of explanatton that is appropnate for the parncular stage m tnstructxon We

combtned thh the explanatory power of the progressnon of circuit and troubleshootnmz models, enables
students to acquire a qualitative understanding of circuit behavior and of troubleshooting logic.

7 Wlnte B Y & Fredenksen. 1. R (1985) "QUEST Qualitative Understandmg of Electncal System
Troubleshooung ACM SIGART Newsletter, 93, 34-37.

Abstract

] {n the context of desxgntng a computer-based system for teachtng electncal troubleshootmg. we
e developed a qualitahi/é model of circuit behavior and a model of expert troubleshooting. The
pmpose of these models is to explain to students the 0peratJon of circuits in faulted and unfaulted

conditions and to demonstrate troubleshootmg techniques. This paper outlines the troubleshootmg model

and the qualitative causal models of circuit behavior from the perspective of the instnictional constraints

that contributed to their design.

) Feurzetg w., Fredenksen J Whlle B and Horwntz P (1984) "Bes:gmng an Expert System for
Training Automotive Electrical Troubleshootmg In the Proce Proceedings of the Joint Services Workshop:
Artificial Intelligence i m Maintenance, Air Force Human Resources Laboratory, Brooks Air Force Base,
Texas, AFHRL-TR-84-25.

Absiract

This paper discusses the preliminary version of QUEST; an expert instructional system for teaching

2
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the basxc pnnctples of eleetncal crreutt Opefauo'n and the 5*"”3 of _circuit trOUblesthtmg ,'I'he
troubleshootmg inodel whrch served as the basis for ihe expert, the Feed Dev,ce-eround (F()G) su-ategy
is described together with the other major comPOnent of the initial destgn the progra’" f()r displayi mg

circuit behavnor The system used color coiting to represent volf28€, apd srmulated moYON zlong wires
connecting circuit components (o represent cwrfeNl, i 5 dynamic £aphjc presentation deSigned to make
these niotions transparent to beginning students:

Whtte B. Y & Fred°nksen J R (1984) ' M()delmg Expemse in Trouble@hootmg ah(l Reasonmg
about Stmple Electric Circuits”. In the Prc:eeding of the Annual Me_eu_ng of the CO8Wjve science

Soetetz Boulder, Colorado. .
Abstract

In this paper we discuss the psycholoy_zlcal Critgria for consﬂ'uc"hg models of troub! eshootmg and

reasoning about circuits: The focus is on dele'mlnmg how models of circuit behavio™ Wfluerice the

learning of troubleshcoting and how training il toybieshooting Myences learning (0 Teason aboiit

ClI’CllllS
ORAL PRESENTATIONS

) Fredenksen IR & Whlle B Y. "Cogmttve Models and Skl“ ACqulsmon" paper P' SQnted at the
Second Workshop on Workload and Training: IndiVidya| Differences: Carmel. California, Jalary, 1987.

‘White, B.Y. & Frederiksen, IR. Qﬂahtanve' Models ang Learning EnV'“"tmems for

Troubleshootmg Paper presented at the ConferefiCe o Inielligent T“lonng Systems: LeSSO Ieariied,
Smugglers Notch, Vermont, October, 1986.

] Whrte B Y. & Fredenksen JR. Quahtatl"e Model l’:‘voliluons as a Foundatlon for Intelhgent
Leammg Envtronments Paper presented at the Fify; Nationial COfMerence on Anmificisl Irltt:llwence
Phtladelphta Pennsylvama August, 1986.
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7 Wﬁﬁé- B.Y. "QUEST A Quahtame Physu.s Ttiiéi Paper presemed at the Eighth An’nu’al
Gomputer CO!xference. Lesley College, Cambridge, Massachuselts May, 1986.

Whlle. B ‘{ & Fredc nksen J R "An lmelhgem Tutor Embodymg a Quahtanve Underszandmg of
Electrical Clreuu Behavior and Troubleshooting”. Paper _presented at the Annua! Meeiing of the
American Educational Research Association, San Franicisco, California. Apnl 1986:

Wh"e B Y. What AI Can Do for Physxcs Educauon Invned address at the Wmter Meetmg of
the AmenCan Association of Physxcs Teachers, Atlanta, Georgia, January, 1986.

Fredenksen J R. & White, B Y. A System for Teachmg a Qualnzuve Understandmg of Electncal
Cl.l‘Cllll ‘Behavigr and Troubleshooung Paper presented at the Second International Conference on
Artificial lmeﬂlgence and Education, Exeter; United Kingdom, September, 198S.

Whne. B Y & Fredenksen 1. R Modelmg Experuse in Troubleshootmg and Reasorung about

Slmple Electrig Circuits”. Paper presented at ths Annual Meeting of the Cognitive Science Society,
Boulder, Colorado, June, 1984.
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